The degenerate four-wave mixing technique in the self-diffraction geometry is employed to investigate a novel GaAs/ AlAs quantum well microstructure. Time-integrated transient measurements are carried out to study the coherent dynamics of excitons in a GaAs quantum well with AlAs islands inserted at the center of the well (IIQW) in excitation densities from 6 × 10 9 to 1.5 × 10 11 cm −2 . The decay of the time-integrated self-diffracted signal shows slower dephasing for the IIQW compared to that of a normal quantum well (NQW) without island insertion. The dephasing rate is found to increase slightly in the IIQW, while it is found to increase sharply in the NQW with the excitation density. A deep beat with a period of 1.45 ps, which disappears for co-circular polarization configuration, is observed in the decay of the self-diffracted signal in the IIQW. The detection-energy-resolved measurement reveals that the modulation of the beat increases up to full depth at low detection energy with respect to the peak energy of the self-diffracted signal. The dependence on detection energy and on polarization configuration shows that the beat is a quantum beat due to biexcitonic effect, which is enhanced by localization due to island insertion.
Introduction
Semiconductor quantum microstructures have been attracting great interest because of their flexibility in tailoring electrical and optical properties. In addition to ideal quantum wire and dot structures, research on novel quantum structures that exploit coupling and localization effects has also become an important subject recently. Some of these structures are easy to fabricate and offer much control over the quantum states and their motion. In order to tailor the electronic states of quantum wells (QWs), insertion of a thin layer into a QW has been proposed and attempted by molecular beam epitaxy (MBE).
1) For example, the energy level of the electronic states in a GaAs QW can be shifted up or down considerably by inserting one monolayer (ML) of AlAs or InAs as a repulsive or an attractive potential at the center of the QW. If the inserted amount of material is less than one monolayer, random islands of the potential are created, which modify the in-plane (in the plane of the well layer) electronic states. 2, 3) The effective height of in-plane potential is approximately given by the inserted potential height weighted with the probability of the electronic wave function at the center of the well, which is the position of the island insertion. So, the effective height can be controlled by well width and is strongly enhanced for narrow well.
The island structure depends on material, surface and growth conditions. If the lateral (inplane) size of the island is made comparable to the exciton diameter, the insertion would efficiently affect excitonic properties. If a vicinal substrate is used, a periodic modulation of the potential can be realized. 4) The island-insertion technique would be applicable to a wide variety of material systems. This technique works for latticea constructive manner.
In a homogeneous system, the diffracted signal is generated when the second pulse arrives at the sample; this process is called free induction decay. 6 ) If the excitons created by the first pulse dephase before the second pulse arrives, the matched systems since island formation does not need strain force; it also works for lattice-mismatched systems since the amount inserted is small.
So far, we have investigated the growth processes, 2, 3) electric transport 2, 3) and photoluminescence of GaAs QWs with island insertion. We have also demonstrated that the inplane diffusion of excitons is strongly suppressed by the random potential islands at low temperatures. 5) In the present work, we have focused on coherent motion of excitons in order to elucidate the effect of island insertion on microscopic electronic states and optical response. We have investigated how the coherent phenomena in a nonlinear optical response are modified due to island insertion.
Principle of the Experiment
Degenerate four-wave mixing (DFWM) measurements have been performed to study our novel QW structure. DFWM is an efficient technique to explore the coherent processes of electronic states in condensed matter, 6) and it has been successfully used to understand the coherent dynamics of excitons in bulk semiconductors and QWs. 7) Among various DFWM schemes, time-integrated measurements in the two-pulse, self-diffraction and parallel polarization geometry are convenient to study dephasing and quantum coupling of excitonic states. The first pulse creates a polarization or coherent excitons. The second pulse interferes with the polarization to generate a self-diffracted signal. The time-integrated intensity of the diffracted signal is measured as a function of time delay of the second pulse.
6) The diffracted signal becomes strong when the third-order polarization interferes in Jpn. J. Appl. Phys. Vol. 38 (1999) 
AlAs, interruption for 20 s, growth of 18.5-ML GaAs, and interruption for 60 s. The growth sequence of each period of the NQW was similar, but without island insertion: growth of 28-ML AlAs, growth interruption for 10 s, growth of 37-ML GaAs and interruption for 60 s. The samples were attached to Al 2 O 3 plates by epoxy glue and their substrates were removed by wet etching in order to carry out transmission optical measurements.
The DFWM experiments were performed in the two-pulse self-diffraction geometry using a mode-locked Ti:sapphire laser (Coherent Mira 900) with a pulse width of 170 fs, a spectral width of 7.5 meV and a repetition rate of 76 MHz. The spot size on the samples was 80 µm. The polarization configuration of the incident beams was kept parallel, except when the polarization dependence measurements were carried out. The photon energy was tuned to the heavy-hole exciton energy. The samples were cooled in a gas-flow-type liquid-He cryostat.
Previously, characterizations for samples prepared under similar growth conditions were performed by direct observation using transmission electron microscopy 10) and by measuring electron mobilities [1] [2] [3] 11) and photoluminescence spectra. 12) Those results indicate that the characteristic lateral (inplane) sizes of the interface roughness are 50-70 Å at the bottom GaAs-on-AlAs interface and more than 1000 Å at the top AlAs-on-GaAs interface for both NQW and IIQW structures, whereas that of the inserted AlAs islands in the IIQW are 90-140 Å. The longitudinal (in the growth direction) sizes of the interface roughness and the islands are 1 ML.
The effective in-plane potential for excitons due to the island insertion is estimated by the inserted potential height weighted with the excitonic wave function at the center of the well. For our IIQW, a value as large as 40 meV is predicted, much larger than the potential created by 1-ML well-width difference (2-3 meV). Figure 2 illustrates the inplane potential which excitons experience in the IIQW.
Photoluminescence and Absorption Spectra
The NQW sample shows a photoluminescence peak at 1.559 eV with a full-width at half maximum (FWHM) of 5 meV at 27 K. The spectrum includes a structure of several small peaks which show a separation of 2.0 meV. The peaks are attributed to 1-ML well-width fluctuations. The lateral sizes of the roughness of the bottom GaAs-on-AlAs interfaces are around 50 Å. These interfaces are referred to as pseudosmooth since their roughnesses are averaged over the exciton diameter. On the other hand, the roughnesses of the top AlAs-on-GaAs interfaces are more than 1000 Å in lateral size, far larger than the exciton diameter. Thus, they are observed separately.
The photoluminescence from the IIQW sample shows a diffracted intensity is weakened due to incomplete constructive interference. The dephasing time of the excitons can then be estimated by measuring the intensity as a function of the time delay between the first and second pulses. In a system with strong inhomogeneous broadening, which is the case in our sample, the dephasing can still be measured by time-integrated DFWM, but the final constructive interference occurs in a different manner.
6) The polarizations created by various excitons with slightly different energies are initially in phase and are randomized at the time of the arrival of the second pulse due to the different frequencies. The second pulse cannot generate a diffraction signal at this instant due to randomized interference among various polarizations. However, the second pulse reverses the direction of motion of the polarizations, and the randomized polarizations rephase after the same period as the delay time, interfere constructively, and generate a diffracted signal. This process is called photon echo, where the signal intensity decreases with delay time due to dephasing during the period between the first pulse and the signal emission.
In a system consisting of a pair of states with a small energy difference, a beat appears in the DFWM signal, and is caused by the interference of relevant amplitudes with different frequencies associated with the two states. In DFWM, there are two types of interference mechanisms, 7, 8) the difference of which yields information about the coupling between pair states.
In one interference mechanism, macroscopic polarizations from two independent states with a small energy difference interfere with each other; this is called classical beat or polarization interference. In the other mechanism, interference is due to quantum-mechanical or coherent coupling of two states with a small energy difference; this is referred to as a quantum beat, where the third-order polarization is created by coherent mixing of two states with a small energy difference. Behavior of the beats in the two regimes would be quite different. The modulation depth of the beat in the time-integrated DFWM signal would be distinctive in a particular case. In an inhomogeneous system, a deep beat due to polarization interference is not be possible. 7, 9) When the system has strong inhomogeneous broadening, no beat is expected to appear at all. On the other hand, for the quantum beat, the modulation depth may become large even under strong inhomogeneous broadening. These distinctions are well explained on the basis of perturbation theory. [7] [8] [9] 
Samples and Experimental Conditions
The samples investigated in this work are an island-inserted quantum well (IIQW) structure as shown in Fig. 1 and a normal quantum well (NQW) structure without island insertion. The two samples were grown by MBE on (001) surfaces on semi-insulating GaAs substrates at 600
• C. After the growth of a buffer layer and a 3000-Å Al 0.3 Ga 0.7 As layer, 30 periods of the IIQW or NQW structure, and a 200-Å GaAs cap layer were grown. For the IIQW, a migration-enhanced epitaxial technique was used at the time of island insertion in order to increase the island size to an extent close to the Bohr radius of the exciton. The growth sequence of each period of the IIQW was as follows: growth of 28-ML AlAs, growth interruption for 10 s, growth of 18-ML GaAs, interruption for 60 s, deposition of Al with an amount corresponding to 0.5-ML of sequence of decreasing the interaction length of the excitons by the strong localization. We now discuss the beat. The beat period is 1.45 ps, indicating that the beat is associated with a pair of states with an energy difference of 2.85 meV. The possible origins for the beat are as follows. It could be due to well-width fluctuation by one monolayer, 7, 9) which results in an energy split of about 2.8 meV in the IIQW. Another possibility is coupling of a free and a bound exciton states. 7) Both origins are associated with different energy levels of a single exciton. Quantum beats are created if the pair of excited states couple to a common ground state by the light, or polarization interference if each of the pair states couples to an independent ground state. The third possibility is the biexcitonic effect, [13] [14] [15] [16] which is due to the correlation of two excitons attractively interacting. This interaction creates a quantum beat, not polarization interference.
In order to explore the origin of the beat, we have examsingle peak at 1.579 eV with a FWHM of 7 meV at 7 K. The peak is broader and energy-shifted compared to that of the NQW. The peak energy is close to that of the heavy-hole exciton (1.580 eV) in the photo-absorption spectrum. These features could be explained as follows: the potential due to the inserted random AlAs islands is more or less averaged laterally in the exciton diameter because the size of the inserted islands is comparable to the diameter. The photo-absorption spectrum of the IIQW shows another peak at 1.593 eV which corresponds to light-hole exciton energy. Figure 3 shows the observed self-diffracted signal intensity as a function of delay time at 10 K. The solid line represents the signal from the IIQW, and the dashed line represents the signal from the NQW. The exciton density is estimated to be 2 × 10 10 cm −2 in each well. The important features in the self-diffracted signal from the IIQW are slow dephasing and a deep beat. Figure 4 shows the dependence of decay rate on the excitation density at 10 K. Here also, the solid line and dashed line represent the IIQW and the NQW, respectively. One can see from Fig. 4 that the decay rate does not change much for the IIQW, while that for the NQW increases sharply with an increase in the excitation density. The excitation density dependence is found to be one order of magnitude stronger in the NQW compared to the IIQW. The rapid increase of the decay rate in the NQW with an increase in the excitation density could be attributed to exciton-exciton scattering. The very small change in the decay rate with the excitation density in the IIQW indicates that the collision-induced dephasing due to exciton-exciton scattering is strongly suppressed. Therefore, the island potential results in localization of excitons which reduces their incoherent collision rate.
Degenerate Four-Wave Mixing
Even at a small excitation density, the decay rate of the IIQW is less than or comparable to that of the NQW. At this low temperature, phonon scattering does not play an important role in dephasing, which has been confirmed by measuring the temperature dependence of the dephasing. Therefore, the dephasing at a small excitation density could be due to residual scattering other than exciton-exciton or phonon scattering. Therefore, the comparable dephasing in the IIQW and NQW at a small excitation density indicates that the potential roughness scattering due to the island insertion does not contribute to dephasing significantly, although it strongly reduces electron mobility [1] [2] [3] 11) and electron-hole-pair diffusivity. 5) On the contrary, the potential roughness suppresses the dephasing at medium and large excitation densities as a con- tion depth is 0.2 at an energy above the peak energy of the self-diffracted signal and increases rapidly with the decreasing detection energy, while the decay rate does not change significantly. At low detection energy, full modulation is observed, as shown in Fig. 8 . In contrast to the strong dependence on detection energy, the modulation depth has been found to be insensitive to excitation density and temperature. When the excitation density is decreased by more than one order of magnitude, the modulation depth does not change significantly. The modulation depth obtained by the fitting analysis has been found to be almost constant, while the decay rate increases gradually when configurations of the incident pulses. If the beat is due to biexcitonic effect, one would expect the disappearance of the beat for co-circular polarization configuration because the formation of biexciton is forbidden in this polarization configuration, due to the fact that the biexciton is composed of two excitons with opposite angular momenta. 13, 15, 16) The results of the polarization-dependent studies of the beat are shown in Fig. 5 . One can see that no beat is observed for the co-circular polarization configuration, while the beat for the parallel polarization configuration of the incident pulses is deep. Therefore, the observed beat in the decay of the selfdiffracted signal is due to biexcitonic effect, and as such, it is a quantum beat.
In order to selectively investigate the biexcitonic effect within inhomogeneously distributed states, we have carried out detection-energy-resolved measurements of the selfdiffracted signal from the IIQW. The spectrum of the selfdiffracted signal has a peak at 1.577 eV with a FWHM of 4.5 meV. The signal was detected through a monochromator with an energy resolution of 0.9 meV and measured as a function of delay time at various detection energies. Figure  6 shows the decay curves for various detection energies. The inset in Fig. 6 shows linear transmission and DFWM spectra. One can see from real-time beat due to the frequency difference of the components, and its mean intensity decays smoothly with real time due to dephasing. Its integration with real time is nearly independent of the delay time. This regime describes the free induction decay. Therefore, in a homogeneous system, the time-integrated DFWM signal does not exhibit a deep beat.
On the other hand, in an inhomogeneous system, the photon echo dominates. 6) Its intensity is maximum at twice the delay time of the the second pulse, and decays rapidly with real time. This is due to rephasing of randomized polarizations with inhomogeneously broadened frequencies. Therefore, the phase of the real-time beat when the signal intensity becomes maximum changes with the delay time. As a consequence, the time integration of the photon echo signal exhibits a beat with the delay time. If the inhomogeneity is not strong, the free induction decay contributes, and/or the photon echo decays slowly with oscillation in real time. In such a case, the time-integrated signal cannot exhibit a deep beat.
Secondly, the biexcitonic coupling to the exciton is strong enough to interfere completely with the nonbiexcitonic transitions. 15) Thirdly, the binding energy of the biexciton, which determines the beat period, is almost constant among inhomogeneously broadened states. Otherwise, the modulation would be suppressed.
Finally, the dephasing time of the biexciton state is longer than the beat period.
Therefore, one may conclude that modification of the excitonic states by the island potential in the IIQW makes all these conditions possible. It is also reasonable that the island insertion enhances biexcitonic coupling and suppresses dephasing of the biexciton by reducing the coherent area of the exciton, though the detailed mechanism remains unclear. The effect of island insertion is stronger at low detection energy due to the degree of localization.
Conclusion
We have presented the results of the time-integrated DFWM experiments in the self-diffraction geometry for a GaAs quantum well with AlAs islands inserted at the cenporal behavior of the DFWM signal.
In the DFWM process, as illustrated on the basis of the perturbation in Fig. 9 , the first pulse creates first-order polarization with the exciton resonance frequency. The second pulse interacts with the first-order polarization and creates thirdorder polarization which has two frequency components. One corresponds to the transition between the ground and the exciton states or between the exciton and the two exciton unbound states. The other corresponds to the transition between the exciton and the biexciton states. At the time of the second pulse, those components are created in phase, independent of the delay time, where their intensities decrease with delay time due to dephasing during the period between the first and the second pulses. The combined third-order polarization exhibits a the temperature is increased to 50 K.
The detection-energy-resolved measurements indicate that the excitonic states at lower energy could be more strongly localized due to island potential, and these localized states are responsible for the deep beat in the decay of the self-diffracted signal. Also, the degree of localization would not be sensitive to the excitation density or temperature within the range of our experimental conditions. It should be noted that the observed deep modulation would not be possible by polarization interference in a strong inhomogeneous system such as the IIQW. Now, we will describe the conditions necessary for the deep modulation of the biexcitonic quantum beat in the timeintegrated DFWM signal from the IIQW. First, the inhomogeneity must be strong. In a homogeneous system, a deep biexcitonic beat is not expected to appear in the timeintegrated signal.
15) The observed deep beat in the timeintegrated signal from the IIQW sample, which has a strong inhomogeneous broadening, could be explained by the tem- ter of the well (IIQW). The decay of the time-integrated selfdiffracted signal shows slower dephasing for the IIQW compared to a normal quantum well (NQW) without island insertion. The decay rate for both structures is found to be comparable at weak excitation density. However, the decay rate for the IIQW is found to increase very little, while that for the NQW system is found to increase rapidly with the excitation density. These findings indicate that the island insertion does not introduce an additional scattering channel, but suppresses the collision-induced dephasing by localizing the excitons in the IIQW. In the IIQW, a deep beat with a period of 1.45 ps is observed in the decay of the self-diffraction intensity as a function of delay time. The polarization dependence measurements show that the beat disappears for the co-circular polarization configuration. This indicates that the beat is a quantum beat due to biexcitonic effect. In the detectionenergy-resolved measurement, the modulation depth of the beat is observed to increase with the decrease in the detection energy and become almost complete at low detection energy. This implies that the island insertion enhances the biexcitonic effect by strongly localizing the exciton states. These appreciable effects demonstrate the usefulness of the island insertion technique for manipulating electronic states and their electrical and optical properties.
